ABSTRACT -To elucidate the molecular mechanism involved in methylmercury-induced cerebellar disorder, we performed DNA microarray analysis of the cerebellum of methylmercury-treated mice. The expression levels of 21 genes were elevated 2-fold or higher in response to methylmercury, including many genes encoding proteins involved in inflammatory reactions associated with chemokines. The expression levels of 11 genes were reduced by half or more in response to methylmercury.
INTRODUCTION
Methylmercury is an environmental pollutant that induces central nervous system disorders (Eto, 2000) . Methylmercury poisoning causes characteristic clinical symptoms, such as numbness of the four limbs, speech disorder, ataxia, hearing impairment, and concentric muscle contractions, known as Hunter-Russell syndrome (Hunter and Russell, 1954) . However, the details of the mechanism underlying an important sign of Minamata disease, cerebellar ataxia, are unclear. In this study, we exhaustively investigated genes showing changes in their expression level in the cerebellum of methylmercurytreated mice using DNA microarray analysis.
MATERIALS AND METHODS

Animal experiments
Eight-week-old male C57BL/6 mice were obtained from Japan SLC Inc. (Shizuoka, Japan). The mice were housed in plastic cages (4 mice per cage) at 22 ± 2°C and a relative humidity of 55 ± 20% with a 12-hr light-dark cycle. Animal chow (F-2, Oriental yeast, Tokyo, Japan) and tap water were given to the mice ad libitum. The present study was performed in accordance with Regulations for Animal Experiments and Related Activities at Tohoku University. After the adaptation period, the mice were randomly divided into control and methylmercury-treated groups (n = 4). Methylmercuric chloride dissolved in physiological saline solution was administered by subcutaneous injection at 0 or 10 mg/kg/day for 7 consecutive days. One day after the last injection, the cerebellum was dissected from each mouse under diethyl ether anesthesia. The obtained cerebellum samples were immediately preserved in RNAlater ® Solution (Ambion, Austin, TX, USA) for the extraction of total RNA and were stored at -80°C until further use.
Preparation of total RNA and microarray analysis
Total RNA was extracted and purified from the cerebellum samples using the RNeasy ® Lipid Tissue Kit (Qiagen, Hilden, Germany). Overall changes in gene expression were evaluated using Two-Color Microarray-Based Gene Expression Analysis (Agilent Technologies, Santa Clara, CA, USA) (Honda et al., 2010; Matsumoto et al., 2010) . A total of 500 ng of total RNA was reverse transcribed using the Quick Amp Labeling Kit (Agilent Technologies) using a T7 promoter primer. Next, cRNA was synthesized from the double-stranded cDNA using T7 RNA polymerase to incorporate cyanine 3-CTP (control group) or cyanine 5-CTP (methylmercury-treated group). Labeled cRNAs were purified using the RNeasy ® Mini Protocol for RNA Cleanup (Qiagen). After purification, cyanine 3-and cyanine 5-labeled cRNAs were fragmented using 25X fragmentation buffer at 60°C in a water bath for 30 min, and the two samples were competitiveGene expression profiling using DNA microarray analysis of the cerebellum of mice treated with methylmercury ly hybridized to microarray slides according to the manufacturer's instructions. Hybridized slides were simultaneously scanned at two wavelengths -532 nm (green) and 635 nm (red) -using an Agilent Technologies Microarray Scanner. The intensity and ratio of the two fluorescent signals were analyzed using GenePix image analysis.
Quantitative real-time PCR
The total RNA from the cerebellum samples was isolated using the Isogen kit (Nippon gene, Tokyo, Japan) according to the manufacturer's protocol (Okamura et al., 2010) . The first strand of cDNA was synthesized using the PrimeScript TM RT reagent kit (Takara, Shiga, Japan). We performed quantitative real-time PCRs (Thermal Cycler Dice ® , Takara) using SYBR Premix EX Taq (Takara) (Hwang et al., 2010) . The oligonucleotide sequences of the primers used for PCR were as follows: sense, 5'-TTGTCACCAAGCTCAAGAGAGA-3', and NM_029803 0.48 ± 0.02 Apoptosis C57BL/6 mice were subcutaneously injected with 10 mg/kg/day methylmercuric chloride for 7 days, and gene expression in the cerebellum was analyzed using DNA microarrays (n = 4). The genes presented in the table include those whose levels of expression increased or decreased more than two-fold.
antisense, 5'-GAGGTGGTTGTGGAAAAGGTAG-3', for the CCL2 gene; sense, 5'-CAAACCTAACCCCGAG-CAACAC-3', and antisense, 5'-GGTCTCATAG-TAATCCATCACAAAGC-3', for the CCL4 gene; sense, 5'-AATGCATCCACATGCTGCTA-3', and antisense, 5'-CTTTGGAGTTGGGGTTTTCA-3', for the CCL7 gene; sense, 5'-TGTTTCACATGGGCTTTCAA-3', and antisense, 5'-TTGTAGGTCCGTGGTTGTGA-3', for the CCL9 gene; sense, 5'-GTCCTCAGGTATT-GGCTGGA-3', and antisense, 5'-GGGTCAGCACA-GATCTCCTT-3', for the CCL12 gene; and sense, 5'-ATCACCATCTTCCAGGAGCGA-3', and antisense, 5'-AGGGGCCATCCACAGTCTT-3', for the GAPDH gene. The fold changes in each mRNA level were determined from standard curves after calibration of the assay.
RESULTS AND DISCUSSION
Methylmercuric chloride was administered subcutaneously to male C57BL/6 mice at 10 mg/kg/day for 7 consecutive days, and the cerebellum was excised 24 hr after the last injection for DNA microarray analysis. The expression levels of 21 genes increased two-fold or more in response to methylmercury, and those of 11 genes were reduced by half or more (Table 1) .
The genes with methylmercury-induced elevated expression levels included many genes encoding proteins involved in inflammatory reactions, including those encoding the chemokines CCL2, CCL4, CCL7, CCL9, and CCL12 (Table 1) . Significantly higher mRNA expression levels of these 5 chemokines were observed in the methylmercury-treated group than in the control group. The results of the DNA microarray analysis were confirmed using quantitative PCR using the same samples (data not shown).
Chemokines are basic proteins that act via G proteincoupled receptors and function as mediators of inflammatory reactions (Luster, 1998) . Chemokines have recently been suggested to play an important role in physiological synaptic signal transmission and developmental processes in the central nervous system (Rostene et al., 2007) . Chemokine molecules possess conserved cysteine residues and are classified into 4 subfamilies, CXC, CC, C, and CX3C, based on the position of the cysteine residues in their molecular structures (Rollins, 1997) . A methylmercury-induced increase in mRNA expression levels was observed only in the CC subfamily, which is interesting with regard to clarifying the influence of methylmercury on the cerebellum.
The genes with methylmercury-induced reduced expression levels included many genes involved in promoting cell proliferation (Serpina3g, Fos, Mfi2, and Tnc) ( Table 1 ). Inhibited expression of these genes might be involved in methylmercury-induced cell growth inhibition in some way.
Most genes showing methylmercury-induced changes in their expression level have not previously been reported to be associated with methylmercury toxicity. The present findings may provide important clues to the mechanism of methylmercury-induced cerebellar disorder.
